A simple method is demonstrated to prepare functionalized spongy graphene/hydrogenated titanium dioxide (FG-HTiO 2 ) nanocomposites as interconnected, porous 3-dimensional (3D) network crinkly sheets. Such a 3D network structure provides better contact at the electrode/electrolyte interface and facilitates the charge transfer kinetics. The fabricated FG-HTiO 2 was characterized by X-ray diffraction (XRD), FTIR, scanning electron microscopy (FESEM), Raman spectroscopy, thermogravimetric analysis (TGA), UV-Vis absorption spectroscopy, and transmission electron microscopy (TEM). The synthesized materials have been evaluated as supercapacitor materials in 0.5 M H 2 SO 4 using cyclic voltammetry (CV) at different potential scan rates, and galvanostatic charge/discharge tests at different current densities.
Introduction
Electrochemical supercapacitors have attracted great attention lately due to their high power density, reversibility, and long cycle life. 1 Based on their charge storage mechanism, supercapacitors can be classied into two types: electric double-layer capacitors (EDLCs) and pseudocapacitors. While EDLCs store energy physically by charge accumulation at the electrode/ electrolyte interface, 2 pseudocapacitors (battery-type) store energy chemically by fast and reversible faradaic reactions at the electrode surface. 3 The pseudocapacitive materials, such as metal oxides and conducting polymers, 4,5 can achieve relatively higher capacitance than EDLCs. However, they are limited by the low cyclability due to the structural degradation of the electrodes during the faradaic reactions. 6 To this end, carbonaceous materials loaded with metal oxides or polymers are widely investigated as alternatives, [7] [8] [9] including carbon nanotubes (CNTs), activated carbons (AC), graphite, graphene oxide, and graphene. These materials have been actively used due to their advantages, including ease of fabrication and workability under a wide temperature range. Different modications have applied to those materials to increase their surface area and tailor their pore size distribution (PSD), resulting in an improvement of their energy and power densities.
8,9
Specially, graphene-based materials are given much consideration as an effective electrode material owing to their unique properties, such as high specic surface area, excellent chemical stability, electrical and mechanical properties, and the large scale production of graphene. [10] [11] [12] To this end, the Hummers' method is widely used to produce graphene oxides (GO). 13 However, the poor electrical conductivity of GO reduces the efficiency of charge transfer and reduces long cycle life.
14 These problems can be overcome by removing partially the Ocontaining groups via chemical reduction or by thermal annealing. 15, 16 Also, by using reducing agents such as (hydrazine, dimethyl hydrazine, and NaBH 4 ) to prepare the graphene. This method is harmful to the environment and the resulted graphene has a strong tendency to restack due to the p-p interactions. 17, 18 Therefore, an easy, eco-friendly process to reduce GO is urgently required. Carbon based materials have the high specic surface area, high electrical conductivity, and highly stable. But, carbon based material suffer from low energy density. Compared to, transition metal oxides have high specic capacitance and energy densities. For examples ruthenium, oxide-based materials used to supercapacitors application have high specic capacitance but are more expensive than the other metal oxides such as MnO 2 , Co 3 O 4 , TiO 2 , and SnO 2 . Therefore, it is rational to combine low-cost metal oxides with carbon materials to obtain high energy density and high power density through the preparation of a composite.
Herein, a simple method is conrmed to prepare functionalized spongy graphene/hydrogenated titanium dioxide composites to prevent graphene sheets from restacking together, resulting in interconnected, porous 3D network crinkly sheets. Such 3D network structure provides better contact at the electrode/electrolyte interface and facilitates the charge transfer kinetics. Functionalized spongy graphene/ hydrogenated titanium dioxide has been produced by functionalization of the graphene oxide with adenine. Aerward hydrothermal, functionalized spongy graphene oxide (FGO) with HTiO 2 was obtained, which helps to prevent the stacking between graphene interlayers. The FG-HTiO 2 electrodes showed high performance upon their use in electrochemical capacitor assembly.
Experimental methods

Materials
Graphite powder (<20 mm) and Naon 117 solution (5%) were purchased from Sigma Aldrich. Sulphuric acid (H 2 SO 4 , 99%) from Sham Lab. Hydrogen peroxide (H 2 O 2 , 30% w/v) from LOBA Chemie, absolute ethanol and HCl (33%) were purchased from El-Nasr Pharmaceutical Company, Egypt. Finally, potassium permanganate (KMnO 4 , 99%), from Arabic Laboratory Equipment Co., Ti foils (99.5% purity, 0.1 mm thickness) were purchased from Sigma Aldrich and, before anodization, cleaned by sonicating in acetone, ethanol, and followed by washing with deionized (DI) water and drying in air. The electrolytes were HClO 4 purchased from Sigma Aldrich, and all the solutions were prepared from reagent-grade chemicals and deionized water. Adenine (Merck) was used directly without further purication. Distillated water was used for washing the products.
Synthesis of spongy graphene oxide (SGO)
GO was prepared from natural graphite using a modied Hummers' method. 21 In a typical experiment, graphite (1.5 g), NaNO 3 (1.5 g) and H 2 SO 4 (70 ml) were mixed and stirred in an ice bath. Subsequently, 9 g of KMnO4 were added slowly. The reaction mixture was warmed to 40 C and stirred for 1 h. Water (100 ml) was then added and the temperature was increased to 90 C for 30 min. Finally, 300 ml of water were added slowly, followed by the slow addition of 10 ml of 30% H 2 O 2 . The reaction mixture was ltered and washed with 0.1 M HCl and water. The GO precipitate was dispersed in a water/methanol (1 : 5) mixture and puried with three repeated centrifugation steps at 10 000 rpm for 30 min. The puried sample was dispersed in deionized water and centrifuged at 2500 rpm and nally washed with deionized water and sonicated for 1 hour to obtain highly exfoliated graphene oxide. The GO precipitate was dispersed in water/methanol mixture and puried with repeated centrifugation steps at 10 000 rpm for 30 min. Note that washing with 0.1 M HCl and water resulted in highly exfoliated GO sheets. To prepare SGO, GO solution (4 mg l À1 ) was frozen at À18 C for 2 days. Aer the GO solution was completely frozen, the tube was peregrinated to a freeze-dryer and dried at a temperature of À53 C and a pressure of 10 Pa for 3 days.
22
Preparation of adenine-functionalized graphene oxide GO (0.1 g) was dispersed in distilled water (10 ml), then (0.3 g) adenine and equimolar amount of NaOH in distilled water (10 ml) were added. The mixture was stirred for 24 h. The resulted precipitate was centrifuged, washed well with water/ethanol mixture and nally dried at 60 C. using Advantec KM-100 electric muffle furnaces.
Preparation of functionalized graphene-hydrogenated titanium (FG-HTiO 2 )
The functionalized graphene-hydrogenated TiO 2 was prepared by the hydrothermal reduction method. Briey a specic amount of functionalized graphene oxide powder with hydrogenated TiO 2 equivalent to 10, 20, 25 and 30 wt% from FGO mass were added to a 100 ml conical ask containing 40 ml of deionized water and sonicated for 30 min to obtain a homogeneous dispersion; the samples were named as FG-HT1, FG-HT2, FG-HT3 and FG-HT4, respectively. The solutions were transferred to a Teon-lined autoclaves and heated at 170 C for 8 h, and then le to cool at room temperature to get grey product. These products were washed several times with deionized water and collected through centrifugation. Finally, the solid products were dried in an oven at 60 C. The steps are summarized in Scheme 1.
Preparation of electrodes and electrochemical measurements
Glassy carbon (GC) electrode (5.0 mm diameter) was polished with alumina nanopowder and rinsed with deionized water. Fresh dispersion of the sample was prepared for each experiment by dispersing 5.0 mg of the FG powder in 0.5 ml Naon 117 solution (1%) by ultra-sonication for 30 min. Then 10 ml suspension of the material was cast onto the surface of the electrode with a micropipette, nally, the working electrode was dried at 60 C for 10 min and le to cool down. All the electrochemical measurements were done in a three-electrode system: where the working electrode was made from a glassy carbon disk, the standard calomel electrode (SCE) and platinum wire were used as reference and counter electrodes, respectively. The electrochemical measurements were carried out in 0.5 M H 2 SO 4 using Auto lab-302N electrochemical workstation (Metrohm). The cyclic voltammetry (CV) measurements were done in the potential range À0.2 to 1 V at various scan rates (1-100 mV s À1 ). Galvanostatic charge/discharge measurements were run from À0.2 to 1 V at current densities of 0.8, 1, 2, 3, A g À1 .
Characterization techniques
The crystal structure of the prepared materials was examined by X-ray diffraction (XRD, XPERT-PRO-Analytical) with Cu Ka radiation (l ¼ 1.54Å). The surface morphology was investigated by eld-emission scanning electron microscope (FESEM-Zeiss SEM Ultra-60). The morphology of the samples was investigated using high-resolution transmission electron microscope (HRTEM, JOEL JEM-2100) operating at an accelerating voltage of 120 kV. The infrared (IR) spectra were recorded using a JASCO spectrometer (FT/IR-6300 type A) in the range 400-4000 cm À1 .
UV/Vis spectrophotometric measurements were made using a Shimadzu 2040 spectrophotometer. Raman measurements were performed using a micro-Raman microscope with an excitation laser beam wavelength of 325 nm. The weight loss of the samples was collected by TGA thermal analyzer (TA TGA-Q500) from room temperature to 800 C at a heating rate 10 C min À1 in nitrogen atmosphere, the time-dependent anodization currents were recorded using a computer controlled Keithley 2000 multimeter and Advantec KM-100 electric muffle furnaces.
Results and discussion spectrum of the graphene-hydrogenated TiO 2 hybrid nanocomposite is shown in Fig. 1e , indicating the presence of carbon (C), titanium (Ti), and oxygen (O) elements. The Ti and O elements originated from the TiO 2 nanoparticles, and the C was contributed by the graphene nanosheets. The corresponding TEM images, Fig. 1f showing the graphene-hydrogenated TiO 2 hybrid nanostructure is a smooth and transparent surface with a nanotubular structure of TiO 2 nanotubes. (105) and (211) planes of the tetragonal anatase TiO 2 phase, respectively. Note that the hydrogenation process does not change the crystalline phase of TiO 2 . However, the intensity and the peaks of hydrogenated TiO 2 is higher than that of pristine TiO 2 and the crystallite size of H : TiO 2 (31.8 nm) is larger than that of pristine TiO 2 (23.6 nm), indicating the creation of oxygen vacancies upon hydrogen annealing leading to the formation of Ti 3+ . are characteristic of graphene vibration, and the peak attributed to the OH and NH stretching groups at 3475 cm À1 conrm the covalent functionalization of the neat graphite by adenine, assuring the successful functionalization process. The peak at 3415 cm À1 is attributed to N-H stretching. 27 These results demonstrate that adenine molecules were covalently bonded to GO by the amide linkage. The peak observed at 651 cm À1 corresponds to the Ti-O-Ti vibration of the TiO 2 phase. 28 For the graphene-TiO 2 hybrid nanostructure, the intensities of the bands corresponding to the oxygen functional groups were reduced compared to GO, signifying the reduction of oxygen in the as-prepared graphene-TiO 2 hybrid nanostructures. The strong band observed at 588 cm À1 indicated the Ti-O-C vibration. 28 Note that the peak intensity of the C-O and C-O-C (epoxide) groups, respectively, decreased in FGO, FG, and FGHTiO 2 aer the hydrothermal reduction with HTiO 2 that resulted in FG-HTiO 2 .
Raman spectroscopy is an effective process to examine the structural features of carbon-based materials. Fig. 4a shows the Raman spectra for air and hydrogen-annealed TiO 2 electrodes. The peak intensity of hydrogenated TiO 2 was lower than that of the air-annealed counterpart. The Raman peaks at 144 cm (B 1g ), 513 (A 1g ), and 635 (E g ) as well as the small peaks at 159 cm À1 are attributed to the intercalated TiO 2 nanotubes with graphene.
30,31
To evaluate the thermal stability of GO, FGO, FG and FGHTiO 2 , TGA analysis was performed by heating under N 2 atmosphere to 800 C at a rate of 10 C min À1 , Fig. 5 . At temperatures below 100 C, the mass loss can be related to the removal of adsorbed H 2 O. For GO, it is thermally unstable and the mass loss occurs in three steps: the rst step is detected below 110 C that can be associated with vapor content and loss of interstitial H 2 O 32 with a total mass loss of $8%, the second stage is detected in the range 130-250 C as a sharp drop peak that accounts for a mass loss of $65%, owing to the decay of hydroxyl groups, presented water on GO, and carboxyl group to produce gases such as H 2 O and CO 2 . Note that CO 2 is generally created because of the decomposition of carboxyl group due to Fig. 4 Raman spectra of (a) air-and H 2 -annealed TiO 2 , and (b) pristine graphite, SGO, FG, HTIO 2 and FG-HTiO 2 . the thermal treatment at temperatures less than 500 C. The third step is extended from 350 C up to 800 C, resulting in a notable mass loss of $80%, which can be attributed to the decomposition of carbonyl groups formed on the surface of graphene oxide to yield CO gas. 33 FGO showed higher thermal stability than SGO. The rst humiliation step of FGO appeared nearly in the similar range to that of SGO (145-173 C), while the second step of the degradation appeared at a greatly higher temperature of 365-415 C. Upon functionalization of SGO with adenine, the labile oxygen groups underwent chemical reaction to form a strong covalent bond with the amino groups of adenine, which noticeably decreased the volume of labile groups in FGO. This results in a very low weight loss at about 145-173 C in FGO, which is in agreement with the decrease in the FTIR peak intensity at 1725 cm À1 . This is typical due to the stretching vibrations n(C]O) of COOH group equivalent to carbonyl and carboxyl groups that have disappeared, with the peak emerged at 1637 cm À1 is characteristic of the C]O stretching in the amide group, 34 see Fig. 3b . The weight loss of the hydrothermally reduced FG shows a slight weight loss of about 10% up to 670 C, indicating that the oxygen-based groups in GO formed heat-stable structures through covalent bonding with adenine. In the case of the FG-HTiO 2 nanocomposite, the weight loss of the sample was greatly limited, which may indicate that FG imposed a control on the mobilization of titanium oxide nanotubes, leading to homogeneous heating and preventing heat concentration. This also supports a strong contact between FG and H-TiO 2 .
To study supercapacitive performance of the fabricated samples, cyclic voltammetry (CV) measurements were performed in 0.5 M H 2 SO 4 , where the specic capacitance of the electrodes was calculated using eqn (1).
where C s is the specic capacitance, m is the weight of the electrode (g), I is the response current density (A g À1 ), DV is the potential difference, and n is the potential scan rate (mV s À1 ). . It was observed that with increasing TiO 2 content, the specic capacitance rstly increases to a maximum value and then declines, with an optimum loading of TiO 2 of 20 wt%. Fig. 6b shows that the specic capacitance decreases with increasing the scan rate from 1 to 25 mV s À1 , which can be related to the insufficient time available for ion diffusion and adsorption inside the smallest pores within a large particle at high scan rates. The sudden drop in the capacitance of the FG-HT4 can be related to the presence of high concentration of HTiO 2 that tend to agglomerate and block the pores of graphene, thus masking the effect of graphene nanosheets (GNS). In this case, the ions in the electrolyte might not have enough time to move into the complex micropores of the electrodes (diffusion limited) at high scan speeds. Note that the specic capacitance of the functionalized graphene-HTiO 2 hybrid electrode was much higher than that of the SGO and FG electrodes, which is also higher than previous reports. 35 This higher capacitance value can be ascribed to the faradaic and non-faradaic reactions arising from graphene and hydrogenated TiO 2 .
36,37 Also, the donor densities of TiO 2 nanotubes are signicantly improved by well-ordered introduction of oxygen vacancy (Ti 3+ sites) states through thermal treatment in hydrogen gas. 38 Furthermore, we anticipate that hydroxyl groups will be introduced on TiO 2 surface during hydrogenation, which could modify the electrochemical activity of TiO 2 and therefore increase its pseudocapacitance, Fig. 6c and d 
39,40
Galvanostatic charge/discharge measurements are necessary to determine the electrochemical performance of all material to be used as supercapacitors. The specic capacitance was calculated at different current densities using eqn (2)
where I is the discharge current (A), Dt is the discharge time (s), and DV is the potential window (V). Fig. 7a shows a comparison of the galvanostatic charge/ discharge graphs for FG and FG-HTiO 2 at 2 A g À1 current density. The FG-HTiO 2 nanocomposite achieved better specic capacitance (375 F g À1 at a 1 A g À1 ) than FG at the same current density. Fig. 7b shows the galvanostatic charge/discharge graphs of the fabricated FG-HTiO 2 at different current densities (0.8-3 A g
À1
). All the charge-discharge curves are quasitriangular, indicating fast and capable charge transfer and high electrical conductivity. 41 This can be attributed to the presence of active nitrogen atoms from adenine and the high electronegativity of nitrogen as well as the hydrogenated titanium dioxide that may create dipoles on the surface of graphene, 41, 42 which may draw charged species into the surface.
43,44
The inuence of N, O atoms and HTiO 2 on the capacitance can also be ascribed to the inductive effect of the s-bonded structure from N, O heteroatoms and hydrogenated titania, which help in the polarization of some bonds and distribution of electrons on the surface, resulting in reversible faradaic redox reactions.
45 Fig. 7c presents relationship between the specic capacitance and current density, where a decrease in specic capacitance is observed as the current density increases. The calculated specic capacitances obtained from charge and discharge curves of FG-HTiO 2 are 393.3, 375, 261.6, and 202.5 F g À1 at 0.8, 1, 2 and 3 A g À1 , respectively. Note that the obtained specic capacitance at 0.8 A g À1 (393.3 F g À1 ) is very close to that calculated from the cyclic voltammograms (401 F g À1 ), which is much higher than that previously reported for graphene/TiO 2 hybrid electrodes. 46 Moreover, the FG-HTiO 2 electrode exhibits excellent rate capability of 51.5% at a current density of 3 A g À1 .
The energy and power densities are very important performance metrics of supercapacitors, which can be calculated from the galvanostatic charge/discharge graphs using eqn (3) and (4):
where E and P refer of the average energy density (W h kg À1 ) and average power density (W kg À1 ), respectively, and C s is the specic capacitance calculated from the charge/discharge curves, I is the discharge current (A), t is the discharge time (h), DV is the potential window (V), and m is the mass of the FGHTiO 2 electrode (kg). Ragone's plot for the FG-HTiO 2 electrode at different current densities is shown in Fig. 7d Fig. 7e shows the cycle life test of the FG-HTiO 2 performed at a scan rate of 100 mV s À1 for 1000 cycles. The specic capacitance sharply increased from the initial cycle until 1000 cycle to reach 100.2% of the initial cycle, indicating the excellent cycling stability of the FG-HTiO 2 electrodes. Table 1 compares the obtained results to those reported in literature, showing the superiority of our fabricated hybrid electrodes.
Conclusions
A simple method is demonstrated to prepare functionalized spongy graphene/hydrogenated titanium dioxide (FG-HTIO 2 ) nanocomposite electrodes. The electron microscopy (FESEM and TEM) study showed the formation hydrogenated titanium nanotubes H-TiO 2 NTs that are grown onto FG sheets. This was supported by the XRD analysis. Also, the FTIR spectra showed a peak at 3475 cm À1 that is attributed to the OH and NH stretching groups, conrming the covalent functionalization of the neat graphene by adenine, and a peak at 588 cm These results demonstrate that the fabricated FG-HTiO 2 hybrid electrodes are promising electrode materials for highperformance supercapacitors. The specic capacitance improved due to the synergistic effects of the spongy graphene structure, hydrogenated titania and the presence of adenine.
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